From a series of experimental studies with pigs (12-16 kg), either pulmonary edema or liver failure emerged as a distinct pathogenetic expression of fumonisin B 1 (FB 1 ) toxicosis. The primary determinant as to which pathogenetic consequence developed was the quantity (dose) of the mycotoxin fed or intubated per kilogram of body weight per day. Pigs intubated with a minimum of 16 mg FB 1 /kg/day developed severe interlobular edema with or without hydrothorax and variably severe pulmonary edema. Pigs intubated with < 16 mg FB 1 /kg/day or pigs fed diets containing 200 mg FB 1 /kg of feed developed marked icterus and hepatocellular necrosis. The spectrum of degrees of severity of pulmonary edema observed in the experimental pigs allowed rational speculation regarding evolution of the pathologic changes.
kg of culture material. An additional 1.5 kg of culture material was produced using F. moniliforme RRC 415. b Approximately 55% of the mass of the corn was lost during an 8-wk incubation period.
The procedure used was as follows. Corn (300 g) and distilled water (135 ml) were placed into 2,800-ml culture flasks (Fembach), and the mouth of each flask was covered with 6 layers of cheese cloth secured with a rubber band. The flasks were autoclaved for 1 hr. When cool, the flasks were covered with aluminum foil and the necks were taped. Using sterile needles, inoculations were made through the cheese cloth by injecting each flask with 10 ml of an aqueous suspension of F. moniliforme MRC 826 or F. moniliforme RRC 415 growth from potato dextrose agar plates. The flasks were stored at room temperature in well-ventilated areas. After 4 wk, an additional 20 ml of sterile water was injected into each flask and the incubation was continued through 8 wk.
Using this same basic procedure with l-quart (0.96 liter) canning jars as culture flasks, an additional 1.1 kg of culture material (MRC 826) was produced. The jars contained 100 g corn, 45 ml distilled water, and 3 ml inoculum. After 4 wk, an additional 7 ml of sterile water was injected.
The contents of the flasks and jars were dried overnight at 60 C in a forced-air oven, finely ground in a blender within a fume hood, sieved through a 1.19-mm screen, and stored at 4 C.
Fumonisin assays. The concentration of FB 1 and FB 2 in the culture material was assayed by high-performance liquid chromatography using the o-phthalaldehyde (OPA) derivative of the mycotoxins to enhance fluorescent detection, as previously described. 17 Chromatography was achieved on a C 18 radial compression column c (5 mm x 10 cm) with a mobile phase of acetonitrile : water (50:50) containing 1% acetic acid and 0.01 M calcium nitrate. Quantitation was based on fluorometer response (peak area) as compared with analytical standards of FB 1 d and FB 2 d reacted with OPA. A composite of all culture material (MRC 826) produced in Fembach flasks contained 9,020 µg FB 1 /g and 3,815 µg FB 2 /g. The composite culture material produced in jars contained 7,750 µg FB, and 3,147 µg FB 2 /g. A composite of culture material produced by F. moniliforme RRC-415, an 232 isolate that does not elaborate large quantities of the fumoni- Table 1 . Body weights of experimental pigs fed diets containing sins, contained a trace of FB 1 (< 3.0 µg/g) and 400 µg FB 2 /g. fumonisin B 1 .
Other mycotoxins produced by the genus Fusarium (zearalenone and trichothecenes) were not detected in any of the culture materials used in this study. e Aflatoxin was not detected in the whole-kernel corn used as the substrate for fumonisin production or in any of the culture materials.
Feeding study. Five pigs ( 13-16 kg) were purchased locally. Two experimental groups of 2 pigs each were fed a commercial grower ration modified to contain 200 mg FB 1 / kg of feed. The 2 experimental diets were prepared daily in 1 -kg batches by blending finely ground culture material (MRC 826) with grower ration. The remaining pig (control) was fed only the grower ration.
Intubation study. An aqueous slurry of culture material or water was orally intubated daily into the stomachs of 13 pigs (12-16 kg). Ten pigs received a quantity of culture material (MRC 826) calculated to deliver either 4, 8, 16, or 32 mg FB 1 /kg body weight. Three pigs were used as controls. Two of the controls were intubated daily with 50 g and 25 g, respectively, of a slurry of F. moniliforme culture material (RRC-415) known to contain low concentrations of FB 1 and FB 2 . The remaining pig was intubated daily with 150 ml of distilled water.
tions for electron microscopy. Ultrathin sections were stained with uranyl acetate and lead citrate and examined with a transmission electron microscope.
Results

Clinical findings
Intubations were made with a 60-ml catheter-tip syringe adapted to a 1 -cm O.D. gastric tube. All pigs also had access to a grower ration.
Clinical parameters. During the experimental feeding study, body weights and electrocardiograms were recorded, and blood was collected for serum biochemical profiles from all pigs daily or every other day. The pigs were observed at least twice daily for any clinical abnormality.
During the intubation study, body weights were recorded and blood collections were made daily on all pigs. The pigs were observed frequently (3-5 times daily), and electrocardiograms were recorded daily on 7 animals intubated with culture material and on 1 control. Initial studies concentrated on feeding finely ground culture material blended with a grower ration. Although serum biochemical changes indicated the occurrence of significant liver necrosis and cholestasis, further feeding studies were not pursued. The experimental animals failed to develop pulmonary edema, and their marked feed refusal caused wasteful depletion of available culture material. Thus, using the remaining culture material to deliver a defined amount of FB 1 per kilogram body weight, intubation studies were designed to elucidate the dose and time dependent aspects of fumonisin toxicosis. Development of severe clinical disease was elected as the end point of the gastric tubing studies at which time animals were euthanized.
Histologic and electron microscopic technique. Pigs that died during the gastric intubation studies were necropsied. All other pigs, including those in the feeding experiment, were anesthetized f,g and euthanized by exsanguination and induction of pneumothorax. The lungs were removed from the thorax and fixed by tracheal perfusion at a constant pressure of 30 cm H 2 O from the fluid pressure head to the level of the carina with modified Kamovsky's fixative, as previously described. 3 The pressure head was maintained for a minimum of 6 hr, and the tissue was processed within several days. The tissue was left in fixative until processed. This method of fixation did not induce interstitial edema in controls or pigs that developed primary liver failure. Eight blocks of lung and representative samples of multiple other tissues were embedded in paraffin, sectioned at 5 µm, and stained with hematoxylin and eosin (HE). The lung blocks included dorsal and ventral right cranial, right middle, and right caudal lung lobes, dorsal left caudal cranial lung lobe, and ventral left caudal lung lobe. An additional four blocks of tissue were collected from the dorsal and ventral right middle lung lobe and right caudal lung lobe. These tissues were embedded in plastic, h and thick sections were cut at 1.5 µm, stained with methylene blue, and examined for selection of ultrathin sec-Feeding study. The 4 animals (pigs 1-4) that consumed diets containing 200 mg FB 1 /kg of feed appeared clinically normal for 3 days. From day 4 through day 21, an increasing inappetence was observed, and after day 14 only 1 animal (pig 4) was able to maintain body weight (Table 1) . Similarly, by day 4 sera from all pigs that consumed FB 1 was visibly icteric, and by day 14 the pigs were severely depressed and anorectic. Maximum concentrations of total bilirubin and other serum biochemical parameters (Table 2) were recorded between day 14 and day 17. These values indicated the occurrence of significant cholestasis and liver necrosis, but respiratory rates, auscultations, and electrocardiography did not indicate pulmonary or cardiac abnormalities. On day 21, pigs 1 and 2 were euthanized and necropsied, and the culture material was removed from the diets of pigs 3 and 4. Within 10 days, the serum biochemical values of pigs 3 and 4, including total bilirubin and aspartate aminotransferase, had returned to normal, and their daily rate of gain in body weight approximated that of the control (pig 5). Pig 3 was euthanized and necropsied on day 32. and pin 4 Intubation study. Ten pigs were intubated with culture material (MRC 826) containing high concentrations of the fumonisins. Three of these experimental animals (pigs 6-8) developed severe liver disease, and 7 others (pigs 9-15) developed pulmonary edema. All pigs were intubated once daily at 9 AM and received either 4, 8, 16, or 32 mg FB 1 /kg body weight. Three of the pigs that developed pulmonary edema (pigs 13-15) received a second intubation at 3 PM. The daily and total quantity of FB, intubated into all pigs that developed liver failure or pulmonary edema is summarized in Table 3 .
Pigs 16 and 17 were intubated once daily for 14 days with culture material (RRC 415) containing low concentrations of the fumonisins, and pig 18 was intubated for 14 days with distilled water. These pigs (controls) did not develop liver failure or pulmonary edema.
Clinically, pig 6 was remarkably different from other experimental animals. This pig was intubated for 44 consecutive days with 4 mg FB 1 /kg body weight and remained clinically normal for approximately 30 days. However, during the following 2 weeks, this pig lost 5 kg of body weight and became cachectic and severely icteric. Serum biochemical values increased daily, with total bilirubin concentrations reaching a maximum of 23.5 mg/dl (Table 2) . Pig 6 was euthanized in extremis on day 45. Pigs 7 and 8 developed liver disease more rapidly (Table 3) , and pig 8 was the only experimental animal intubated with 16 mg FB 1 /kg body weight that did not develop pulmonary edema.
No pig that developed pulmonary edema survived more than 5 days, and most pigs died or were euthanized between days 3 and 4 (Table 3 ). In general, the pigs developed a variably severe, watery, nonfetid diarrhea and became depressed. Rapidly increasing respiratory rates were usually observed between 75 and 85 hours after the first intubation. Within 2-3 hours after the onset of clinical respiratory distress, the pigs died or were euthanized, frequently with respirations greater than 100/minute and marked cyanosis.
Pathologic findings
Feeding study. Both pigs euthanized on day 21 (pigs 1 and 2) of the feeding study were thin. The mucous membranes and tissues were diffusely pale yellow. The adipose tissue around the coronary groove of the heart had a gelatinous watery consistency indicative of serous atrophy. The liver was light brown and had a smooth capsular surface. The lungs were normal.
Histopathologically, the livers of both pigs had marked hepatocellular degeneration and intermittent necrosis. There was marked depletion of centrilobular hepatocytes and filling of the region with erythrocytes and some hematopoietic cells and mononuclear cells. Lobular architecture was considerably distorted because of the presence of numerous large swollen hep- atocytes with abundant granular eosinophilic cytoplasm and occasional large nuclei. These large hepatocytes were randomly interspersed with small angular hepatocytes and scattered necrotic cells with hypereosinophilic cytoplasm and pyknotic or karyorrhectic nuclei. Occasional mitoses and binucleate hepatocytes were identified.
The 2 pigs returned to a normal grower ration on day 21 of the feeding trial and euthanized on day 32 (pig 3) and day 43 (pig 4) were in good body condition. No gross or histopathologic abnormalities were present.
Liver failure group. Three pigs (nos. 6-8) died or were euthanized in extremis because of clinical liver failure manifested by marked icterus, increased serum concentrations of hepatic cytosolic enzymes, and hepatoencephalopathy. All 3 pigs were severely icteric, as was evident from their bright yellow tissues, including sclera, oral mucosa, subcutaneous adipose tissue, serosa, aorta, and glabrous skin. The brightest yellow tissues were encountered in pig 6. The bile was moderately viscous (pig 8) to markedly viscous and adherent to the gall bladder mucosa (pig 7) to thick and granular (pig 6). The livers were tan and had a smooth capsular surface in all animals; the liver of pig 6 was somewhat firmer and resistant to digital fracture. The lungs of all of the pigs were normal. The snout, ears, and coronary bands of pigs 7 and 8 were dark reddish blue. The nonglandular mucosa of the esophageal portion of the stomach of pig 6 was diffusely ulcerated. Scattered 2-3-mm foci of erosion and ulceration covered with fibrin were in the spiral colon.
Histopathologically, the livers of pigs 7 and 8 were similar (Fig. 1 ). There was moderate to severe lobular disarray. Numerous individual necrotic hepatocytes, seen as shrunken hypereosinophilic cells with pyknotic or karyorrhectic nuclei and numerous acidophilic bodies, were randomly distributed throughout the lobule. Many of the remaining hepatocytes had moderate cytoplasmic swelling and abundant, finely granular, eosinophilic cytoplasm. Some hepatocytes had marked karyomegaly, and scattered mitoses were present. Endothelial cells lining sinusoids and Kupffer cells were often prominent; aggregates of Kupffer cells were occasionally seen.
The liver of pig 6 was histopathologically unique (Fig. 2) . The liver had marked architectural disarray with poor delineation of hepatic plates. Centrilobular zones were often depleted of hepatocytes, and the space was filled with erythrocytes and some hematopoietic cells. Circular aggregates of hepatocytes were often seen in centrilobular and midzonal regions and were associated with mild fibrosis and atrophic and degenerating hepatocytes (Fig. 3 ). Moderate numbers of randomly scattered necrotic hepatocytes were in all regions of the lobule, and occasional mitoses and megalocytes were identified.
All 3 pigs in the liver failure group had mild to moderate renal tubular necrosis. Dilated tubules lined by an irregular to attenuated epithelium were in the cortex and, to a lesser extent, in the medulla. Some tubules contained intermittent necrotic tubular epithelial cells, desquamated cells, and eosinophilic granular casts. Some tubules in the kidney of pig 6 contained granular orange casts typical of bile.
All pigs in this group had occasional attenuation of superficial columnar enterocytes in the small intestine and mild desquamation of enterocytes at the tips of villi. Pig 7 had scattered crypt abscesses in the colon, and pig 6 had scattered superficial erosions covered by fibrinosuppurative exudate. Pulmonary edema group. All pigs that received 64 mg FB 1 /kg/day divided twice daily (pig 15) or 32 mg FB 1 /kg/day either once daily or divided twice daily (pigs 10 and 11, and 12 and 14, respectively) and 2 pigs that received 16 mg FB 1 /kg/day either once daily or divided twice daily (pigs 9 and 13, respectively) developed severe interlobular edema with or without hydrothorax and variably severe pulmonary edema.
Lung lobules of pigs 9, 11, and 15 were moderately to markedly separated by clear golden yellow fluid (Fig.  4) . All lobes of the lungs were involved; however, the interlobular edema was more severe ventrally than dorsally. Mild to moderate pleural and mediastinal edema was also evident, but no fluid was present in the thoracic cavity. The lobular pulmonary parenchyma was pink, soft, and spongy. The bile was moderately thick, and the urine was dark yellow.
Pigs 10, 12, 13, and 14 had marked interlobular and pleural edema similar to that in pigs 9, 11, and 15 ( Fig.   Figure 4 . Lungs, pig 11, pulmonary edema group (32 mg fumonisin B 1 /kg daily for 4 days). Dorsal view shows uniform involvement of interlobular edema. 5). These 4 pigs also had 100-300 ml of golden yellow translucent fluid in the thoracic cavity. The lobular parenchyma was generally soft and pink, although pig 13 had some reddening of caudoventral lobules. The bile was similar to that of pigs 9, 11, and 15.
In all pigs in the pulmonary edema group, the interlobular septa were moderately to markedly widened by eosinophilic proteinaceous fluid both interstitially and in widely dilated lymphatics (Figs. 6, 7) . Perivascular and peribronchiolar connective tissue and lymphatics and the visceral pleura were similarly expanded by edema. Mildly increased numbers of alveolar macrophages were sometimes in alveoli. Eosinophilia of alveolar edema fluid was obviated by protein dilution due to perfusion fixation, except where the fluid was pushed against the periphery of the lung lobe.
All pigs that developed pulmonary edema also had histopathologic evidence of hepatocellular necrosis (Fig.  8 ). There was moderate lobular disarray, with poor delineation of hepatic plates and variation in size of hepatocytes. Large swollen hepatocytes with abundant finely granular eosinophilic cytoplasm were interspersed among smaller polygonal hepatocytes. Occasional to numerous individual necrotic hepatocytes and acidophilic bodies were randomly scattered throughout the lobule. Endothelial cells lining sinusoids were often prominent. Intermittent mitoses were identified.
In kidneys from pigs 10-14, scattered to moderate numbers of medullary tubules, primarily collecting ducts, had single or multiple necrotic epithelial cells, as evident from the presence of pyknotic nuclei and granular eosinophilic cytoplasm. Desquamation of necrotic cells into tubular lumina was also present. Scattered granular casts were in the lumina of collecting ducts in some of the pigs.
Ultrastructural studies of the lungs of pigs in the pulmonary edema group failed to detect any cellular degenerative changes in endothelial cells or alveolar epithelial cells. No evidence of degenerative vacuolization of the endothelium or detachment of endothelial cells from the basal lamina was seen. In interlobular septa, increased electron lucency of the interstitium and dilated lymphatics was evident. Multiple prominent pulmonary intravascular macrophages (PIMs) were in the septal capillary lumina. However, as expected in pigs, PIMs were identified in all study groups and controls. A notable ultrastructural difference in pigs in the pulmonary edema group was the presence of both small and large aggregates of osmiophilic membranous material often forming whorled lamellar arrays in the cytoplasm of PIMs (Fig. 9 ). This material was contained within large membrane-bound structures, consistent with myelinoid bodies or multilamellar bodies. The periodicity of the tightly packed lamellar arrays ranged from 2.9 to 4.7 nm (Fig. 10) . Some cells had additional aggregates of amorphous electron dense material similarly contained within a single membrane. Alveolar macrophages sometimes contained phagocytized electron-dense material, occasionally occurring as tightly packed stacks of membranes. Some multilamellar bodies were also identified in pulmonary intravascular macrophages in pigs dying of liver failure; however, these structures were not a feature of PIMs in control pigs.
There was no evidence of pancreatic necrosis in the feeding or intubation studies.
Discussion
Either pulmonary edema or liver failure emerged as a distinct pathogenetic expression of fumonisin B 1 toxicosis. The primary determinant as to which pathogenetic consequence developed was the quantity (dose) of FB 1 intubated per kg body weight per day. All pigs that received 8 mg/kg/day and 1 pig that received 16 mg/kg/day developed liver failure with marked icterus and hepatocellular necrosis and were euthanized in extremis on day 7 or day 8. Severe liver failure developed more slowly in the pig that received 4 mg/kg/ day; this animal was euthanized on day 45. In no pig in which the toxicosis was expressed as liver disease, including pigs fed rations containing 200 mg FB 1 /kg of feed, was there evidence of pathologic changes in the lungs.
All pigs intubated daily with 32 mg FB 1 /kg and 2 pigs that received 16 mg FB 1 /kg developed severe interlobular edema with or without hydrothorax and variably severe pulmonary edema. In these pigs in which fumonisin toxicosis was expressed as lung disease, pulmonary edema, culminating in death or euthanasia in extremis, developed between day 3 and day 5, following 3-4 daily doses of culture material. These pigs also developed biochemical evidence of liver disease and, histopathologically, had hepatocellular necrosis. No pig that survived beyond 5 days developed pathologic changes in the lungs, and death was due to liver failure.
The occurrence of pulmonary edema versus liver failure was a function of minimal daily dosage; 16 mg FB 1 /kg body weight was the minimal threshold dosage at which pulmonary edema developed. Twice daily administration did not significantly accelerate the threshold for pulmonary toxicity or the temporal range of 3-5 days for pulmonary toxicity.
A consistent pattern of elevated cytosolic enzymes referable to the liver and histopathologic evidence of hepatocellular necrosis in both feeding and intubation studies and at all dose levels explored led to the conclusion that fumonisin B 1 is a primary hepatotoxin in pigs. A lag period of 4-16 days preceded total bilirubin and enzyme elevations in pigs that succumbed to liver failure, whereas the lag period for pigs that developed pulmonary edema was 2-4 days. A prolonged lag period was encountered in the pig that received 4 mg FB 1 /kg/day. There was no zonal distribution of lesions in the liver in the early stages of hepatotoxicity, suggesting that metabolism by enzymes differentially distributed across the three zones of the acinus was unnecessary.
Several observations support the concept of reversibility of the toxic effects of fumonisin. Marked hepatic degeneration and necrosis was identified in pigs fed culture material for 21 days. However, clinical and serum biochemical abnormalities rapidly disappeared when the culture material was removed from the ration. Further evidence of reversibility of the hepatotoxic effects of FB 1 is provided by the observation of no liver damage in pigs euthanized and necropsied 11 days and 22 days after removal of the mycotoxin. Biochemical evidence of cholestasis, as assessed by total bilirubin, was reversed within 4 days, and evidence of hepatocellular necrosis, as assessed by aspartate aminotransferase, was reversed within 7-12 days. Rapid regeneration of the liver and return to normalcy in the growing pigs correlated with recovery of normal weight gains. This reversibility of fumonisin toxicosis in pigs that have not received the threshold dose for pulmo-nary edema is significant in view of management decisions for animals subjected to high fumonisin levels in the diet.
The long-term low-dose toxicity trial with pig 6 resulted in morphologic features similar to those seen in rats fed Fusarium moniliforme culture in their diet for prolonged periods. 13 In addition to fibrosis, rat livers had occasional arrangement of hepatocytes in "alveoli." In the low-dose (4 mg FB 1 /kg/day) pig, similar circular aggregates of hepatocytes were identified in centrilobular and midzonal regions.
Although toxic hepatosis in association with fumonisin ingestion has been previously reported in horses, pigs, sheep, and baboons, 10 pulmonary edema and hydrothorax are pathogenetic features of fumonisin toxicosis that are unique to pigs. The 7 animals that developed interstitial and interlobular edema, often with pulmonary edema and hydrothorax, constituted a spectrum of degrees of severity that allowed rational speculation of how the pathologic changes evolved. Some animals had engorgement of perivascular and peribronchiolar lymphatics and interstitial tissue, with minimal or nondetectable widening of the alveolar wall. The interlobular interstitium was generally markedly widened, and this was often accompanied by marked widening of the pleura. Engorged interlobular and pleural lymphatics were clearly visible microscopically and often grossly. Other animals had similar interstitial edema and manifested alveolar edema and hydrothorax. Although copious clear yellow fluid was detected in the pleural cavity in a few animals, in most, the quantity was limited to approximately 100 ml per hemithorax.
The interpretation based on these findings is that edema fluid leaked into the alveolar interstitium and was rapidly transferred to the perivascular and peribronchiolar lymphatic sumps, where the principal lymphatic pathways are located. This loose interstitial compartment provided an entry to lymphatics, which became progressively distended. As the entry rate exceeded the absorptive capacity, the capacious interlobular septa and pleura accommodated the rapidly leaking fluid, often to a greater degree in dependent ventral portions of the lung, resulting in the dramatic widening of interlobular septa and pleura. Further increases in fluid leakage overwhelmed interlobular and pleural reabsorptive capacity, resulting in movement of fluid across the viscera mesothelium into the thoracic cavity. Movement of fluid into the pleural cavity likely occurred along an interstitial-pleural pressure gradient because of cyclical pressure changes during respiration. The eventual consequence of overloaded lymphatics and increased fluid and pressure in the interstitial space was alveolar flooding.
Clinical observations of fumonisin-dosed pigs in- dicated that compromise of pulmonary function, resulting in severe dyspnea and cyanosis, developed rapidly. Pigs progressed in <2 hours from moderate tachypnea with respiratory rates of approximately 60 breaths/minute to marked tachypnea and hyperpnea with respiratory rates > 100 breaths/minute and marked abdominal breathing. One pig that was euthanized near the onset of tachypneic respiration had marked interlobular edema, some pulmonary edema, and minimal hydrothorax. Although hydrothorax contributed to respiratory embarrassment in several animals, it probably was not the major factor in respiratory compromise.
Traditional and simplistic explanations attribute pulmonary edema to either alterations in hemodynamits or alterations in permeability. In hemodynamic edema, structural integrity of the alveolar wall is maintained, whereas in permeability edema, structural changes may be present or absent. Significantly marked alterations of pulmonary endothelial permeability can occur in the absence of structural changes at the light and electron microscopic levels. 15 One of the principal mechanisms of altered hemodynamics that results in increased capillary hydrostatic pressure is congestive heart failure. Fumonisin has been reported to cause endocardial damage in rats, resulting in either acute exudative lesions or chronic proliferative lesions that culminate in frequent intraventricular thrombosis. 11 Acute congestive heart failure has been found in long-term fumonisin toxicity trials in baboons. 10 T-2 toxin, a trichothecene toxin produced by several species of Fusarium, is also cardiotoxic. 22 Assay of culture material in this study did not reveal any known contaminating mycotoxins, including T-2 toxin or other trichothecenes.
The possibility of cardiotoxicity in pigs, resulting in cardiac failure and pulmonary edema, was strongly considered. Within the limitations of this study, no evidence of any cardiogenic forms of increased microvascular hydrostatic pressure could be determined from clinical examination of live animals or histopathologic examination of the myocardium. No significant electrocardiographic changes were seen in intubated animals, which were monitored by electrocardiogram twice daily from initiation of fumonisin dosing to the time of euthanasia in extremis, where pulmonary edema and hydrothorax were verified. However, cardiac auscultation and electrocardiography may not detect a functional cardiotoxic effect.
Ultrastructural studies revealed membrane-bound aggregates of multilamellar bodies in the cytoplasm of pulmonary intravascular macrophages, primarily in the lungs of pigs developing liver failure. Although the PIMs were also frequent in control pigs, as expected, cytoplasmic multilamellar bodies were not a feature. Multilamellar bodies in PIMs of pigs with fumonisin toxicosis have been noted by other investigators. 8 Multilamellar bodies arise from the hydration of certain lipids in lysosomes, the process resulting in the stacks or whorls of myelinoid membranes. 6 Fumonisins are inhibitors of sphingosine and ceramide synthase, which are vital components in sphingolipid biosynthesis and turnover. 18 Pathogenetic relationships between the ultrastructural findings and biochemical revelations of the inhibition of sphingolipid biosynthesis and subsequent hepatotoxicosis have been proposed. 8 The possibility of activation of pulmonary intravascular macrophages, estimated at 25% of the capillary volume in pigs, as a source of vasoactive substances cannot be excluded. The prevalence of these mature phagocytic cells adherent to the pulmonary capillary endothelium and the subsequent release of vasoactive substances has been offered as one explanation for the susceptibility of pigs to endotoxin-induced lung damage. 19 This clinical and morphologic study accomplished the goals of elucidating the dose-and time-dependent aspects of fumonisin toxicosis, clinical signs exhibited at different doses and times, serum biochemical and electrocardiographic changes, and light and ultrastructural morphogenesis. Definitive clarification of the cause of differing tissue tropisms in different species remains one of the enigmatic features of fumonisin toxicosis. Additional studies of the influence of species-be poor weight gain, additional studies to determine the true no-effect dosage are needed.
